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Objectives:
The objective of this research program was to synthesize luminescent oxide or halide nanoparticles with improved brightness and scintillation efficiency under excitation by energetic X-ray and gamma radiation. Improved brightness and efficiency was achieved by growth of undoped and doped nanoparticles with a core/shell nanostructure. The nanoparticle properties characterized included photoluminescence-PL, crystallography, particle size distribution, quantum efficiency and nuclear spectroscopic responses.
Status of effort:
Oxide Nanoparticles:
Luminescent core or core/shell nanocrystals of self-activated bismuth germinate (BGO) and gadolinium oxide (Gd 2 O 3 ) activated with europium (Eu 3+ ) were studied for scintillation detection of radiological and nuclear materials. Gd 2 O 3 :Eu 3+ core and shell nanocrystals were synthesized by an aqueous sol-gel method, by direct precipitation in a high-boiling point glycol, and by a non-hydrolytic hot-solution method. The Gd 2 O 3 :Eu 3+ nanocrystal cores and shells exhibited strong red photoluminescence (PL) with quantum yields up to 45%. Luminescent bismuth germinate (BGO) was synthesized by a sol-gel method to form nanospheres, nanoflower and nanocoral cubic Bi 4 Ge 3 O 12 crystals in 30 min at ~85 ℃. As-prepared and calcined BGO nanocrystals showed a broad PL emission peak (400 to 600 nm) with a quantum yield (QY) of ~56 % and ~80 %, respectively. Novel core/shell materials combinations, e.g. Halide Nanoparticles:
Synthesis core/shell halide nanoparticles were prepared using a precipitation method taking advantage of ADDP (ammonium di-n-octadecyldithiophosphate) as ligand, and using metal nitrates and NH 4 F as precursors, as shown in Fig. 1 . The size of the nanoparticles was controlled by the addition of shells around the rare earthdoped cores.
Accomplishments/New Findings:
Research at the University of Florida has been focused on undoped and doped core/shell and core/multishell oxide nanoparticles, while research at Clemson University has been focused on halide core nanoparticles without and with shells. Both classes of materials are known to make excellent single-crystal scintillators, including Gd 2 SiO 5 :Ce (GSO), Bi 4 Ge 3 O 12 (BGO), CaF 2 :Eu, and BaF 2 :Ce.
Scintillator crystals are currently single crystals made with complex, high temperature growth methods resulting in high cost and small crystal size. We have investigated alternative processing methods for the preparation of scintillation nanocomposite which offers the promise of low-cost processes for large area, mass produced ceramic scintillation materials. A variety of 3+ . Surprisingly, this core/shell/shell structure led to a 16x increase of the 612 nm Eu 3+ emission excited by 25 keV Xrays from a silver source. The reason for this increase is not obvious, but may result from the antenna effects discussed above.
Three dimensional (3D) self-assembled hierarchical Bi 2 O 3 architectures were prepared via a solution precipitation synthesis at 85 o C in 45 min with the aid of PEG-8000 as a surfactant capping agent. With an increased concentration of PEG, the morphology and structural phase evolved from monoclinic α-phase micro-rods into cubic γ-phase flower-like crystals. For flowerlike Bi 2 O 3 crystals, the morphology change from 60 nm nano-spheres, to self assembled submicron clusters, to 3D self-assembled crystals. Deposition of Gd 2 O 3 :Eu 3+ on this hierarchical Bi 2 O 3 resulted in red luminescence from the core/shell composite under UV irradiation after calcining at 500 o C for 2 h in air.
Self-activated Bi 4 Ge 3 O 12 (BGO) crystals were synthesized at a low reaction temperature (<90 o C) in short reaction times (<30 min) from aqueous solutions. Flower-and coral-like BGO crystals obtained by using NaOH versus NH 4 OH precipitation agents exhibited QYs of 28% and 80%, respectively, when excited at 280 nm after calcination at 600 o C for 2 h. Calcined coral-like BGO crystals (see Fig. 4(a) ) showed a scintillation response when excited by 241 Am and 137 Cs irradiation sources. Moreover, Bi 2 O 3 /BGO core/shell scintillation composites were synthesized with a one-pot solution precipitation method. The BGO shell nucleated heterogeneously as islands on the Bi 2 O 3 microrod cores, and was followed by diffusion-limited lateral growth into a continuous shell with a dendrite-like morphology. Under the 60 keV gamma-ray irradiation from a 241 Am source, differential pulse height distribution measurements yielded a broad scintillation photopeak from the calcined core/shell composite. When excited at 280 nm, these self-activated BGO crystals had a broad photoluminescent emission band from 350 to 700 nm with the peak at 530 nm assigned to the 3 P 1 → 1 S 0 transition of Bi 3+ (see Fig. 4(b) ).
Self-assembled, almond-shaped colloidal GdVO 4 :Eu 3+ nanocrystals ~60 nm long and ~10 nm wide were synthesized in aqueous solutions. The as-prepared nanocrystals were crystallized in short growth time (~3 min) with no post-growth heat treatment. The PL emission spectra showed strong, sharp peaks near 617 nm associated with the characteristic 5 nanocrystals. This enhancement was attributed to additional absorption from the Bi-O charge transfer band due to codoping.
Representative samples of selected oxide nanoparticles were tested for X-ray luminescence on a beam line at the Advanced Photon Source at Argonne National Laboratory. The beam line allowed irradiation of thin films of the nano powders by monochromatic X-rays over a range of energy. The luminance was measured by a power meter which allowed conversion to number of photons per unit energy. The results are shown in Fig. 5 for X-rays with energies between 17 and 26 keV. Note that the highest photon yield at 26 keV is approximately 3000 photons/MeV, which begins to approach the single crystal GSO (~8000 photons/MeV). Nano powders of Gd 2 O 3 :Eu 3+ with surfaces passivated by oleate-complex from the hot solution growth method, or passivated by inorganic Y 2 O 3 shells gave high photon yields, by more than a factor of 10 when compared to bare Gd 2 O 3 :Eu 3+ cores from the polyol method . Similarly, the photon yield from an estimated BGO was a factor of 10 higher than that from BGO grown by the precipitation method. The photon yields a passivated gadolinia and BGO nanoparticles were comparable to the yield from commercial BGO powder. We attribute the lower photon yields from commercial BGO as compared to single crystal BGO to optical scattering and absorption. Apparently all of the nano powders grown by the low-temperature precipitation method require surface passivation by an inorganic shell in order to improve their photon yield. The photon yields from bismuth oxide/BGO core/shell structures are low due to the large size of the bismuth oxide core, consistent with the low photoluminescent yields for this nano composite. Finally, the very low photon yields for gadolinia nanorods is again consistent with low PL intensities from these nano materials. Based upon previous results, we believe this low intensity results from low 6 incorporation rate of the europium dopant. These data clearly show that surface passivation leads to increased light output from nanoparticles used for scintillation detectors. Scintillators are luminescent materials that are used in the detection of ionizing radiation, and some of the most frequently used scintillators are fluorides, including CaF 2 :Eu, CeF 3 , and BaF 2 (:Ce). Scintillation corresponds to the emission of light upon excitation due to ionizing radiation, and scintillation efficiency, , can be described by the combination of three processes: conversion, , transfer, Q, and luminescence, S, summarized in the relation,  = SQ.
The first process corresponds to how efficiently the energy of the incoming radiation is used to produce electron-hole (e-h) pairs. For gamma-rays,  is commonly estimated by dividing the energy of the gamma-ray by 2 to 2.5 times the value of the bandgap energy. Once created, free electrons and holes migrate through the lattice of the scintillator material. Once below the ionization threshold, these free electrons and holes lose enough energy to strongly interact with the vibrations of the lattice (electron-phonon interactions) and thermalize, moving to the bottom of the conduction band and to the top of the valence band, respectively. Eventually, they bond, forming excitons. Typically, e-h pairs have diffusion length in the range of several tens to about 100 nm in ionic crystals, and during this migration through the lattice, a fraction of the e-h pairs is lost, either trapped or recombined non-radiatively at quenching centers, resulting in a decrease in the number of pairs available to produce luminescence. Only those pairs that reach the luminescent centers contribute to scintillation, and the efficiency of the migration process is given by S. The remaining e-h pairs that recombine at the luminescence centers generate scintillation, and the intrinsic efficiency of the radiative recombination at the luminescent center is quantified by Q.
Once the scintillator material is chosen, the band gap and the intrinsic efficiency of the luminescent center are determined. Because of that, the most unique aspect of scintillation in nanoparticles is related the migration process, and the fraction of the cascade generated by the incoming radiation is contained in the nanoparticle. In order to investigate these effects, we explored our unique synthesis capability to grow shells around core nanoparticles in a number of fluoride scintillators, namely: CaF 2 :Eu, BaF 2 :Ce, LaF 3 :Ce, and LaF 3 :Eu. Synthesis was based on the precipitation method taking advantage of ADDP as a ligand, and uses metal nitrates and NH 4 F precursors, as shown in Fig. 1 . The size of the nanoparticles was controlled by the addition of shells around the rare earth-doped cores. We also carried out preliminary investigation on the non-hepitaxial growth of LaF 3 on CeF 3 nanoparticles using DEG to simultaneously serve as solvent and ligand.
All the fluoride nanoparticles were characterized on their structure, morphology, and photoluminescence by means of X-ray diffraction, TEM, and luminescence spectroscopy, respectively. The diffraction spectra were matched with data from the JCPDF database. Photoluminescence showed evidence of the 3+ state of the rare earth.
The response of these scintillators was characterized by means of radioluminescence, when excited with X-rays, or through differential pulse height distribution measurements using a 241 Am source. These results are presented in the Figs. 6-8 below, for each of the scintillators investigated. In summary, our results show that three factors make larger nanoparticle sizes beneficial to the scintillation efficiency. The growth of the first shell passivates the surface and activates the luminescence centers on the surface of the core nanoparticle, enhancing luminescence output as seen from PL. Furthermore, the increase of the volume contains larger fractions of the irradiation cascade within the nanoparticle, and thus larger numbers of e-h pairs become available for radiative recombination. Also, as the nanoparticle size increases, its dimensions approach the mean length for e-h pair recombination and higher rates of radiative recombination are expected since less e-h pairs recombine at the surface. These results are expected to impact radiation sensing technologies that make use of nanoparticles. Since they were obtained under alpha particle and x-ray irradiation, and from several fluoride host materials with two different RE dopants involving 4f-4f and 4f-5d transitions, they are expected to reflect a general aspect of the scintillation process in nanoparticles.
Reduced Optical Scattering in Nanoparticle-Polymer Composites
We have shown above that single passivation shells on luminescent cores can improve the PL brightness. Below we show that multiple shells on the surface of luminescent cores or inner shells can be used to reduce scattering. Light scattering is reduced when the outer shell matches the index of refraction of the matrix in which the nanoparticles reside. This discovery has resulted in a patent application entitled "Index of Refraction Matched Nanoparticles and Finally and of equal important to the research results, undergraduate and graduates students have been trained and become proficient in the synthesis of scintillating materials and their characterization with techniques such as transmission electron microscopy, X-ray diffraction, luminescence spectroscopy, and differential pulse height distribution measurements.
Summary:
We have demonstrated that a surface shell on nanoparticles increased the PL brightness as well as the X-ray luminance. To accomplish this, we demonstrated synthesis of a number of potential scintillator nanoparticles, including Eu doped Gd 2 O 3 , GSO, GVO, and BGO (Bi 4 Ge 3 O 12 ) with PL quantum yields between 56 and 80%. We demonstrated a factor of four increase in scintillation output from CaF 2 :Eu/CaF 2 core/shell nanoparticles as compared to uncapped CaF 2 :Eu cores. We demonstrated reduced optical scattering in nanoparticles composites when the last shell matched the index of refraction of the polymer host. The matched index shells were grown using the same synthesis techniques as were used to grow the nanoparticles. This intellectual property was protected by filing a provisional patent. We graduated two Ph.Ds., trained two graduate and three undergraduate students in the area of nanoscintillators. 
